25 Determining protein targeting specificity with sasplit-GFP 26 27 Keywords 28 Self-assembling split-GFP, protein transport, mitochondria, chloroplast, dual targeting, in vivo 29 imaging, Golden Gate cloning, technical advance 30 31 32 33 34 35 Abstract-1 2 A large number of nuclear-encoded proteins are targeted to the organelles of endosymbiotic 3 origin, namely mitochondria and plastids. To determine the targeting specificity of these 4 proteins, fluorescent protein tagging is a popular approach. However, ectopic expression of 5 fluorescent protein fusions commonly results in considerable background signals and often 6 suffers from the large size and robust folding of the reporter protein, which may perturb 7 membrane transport. Among the alternative approaches that have been developed in recent 8 years, the self-assembling split-fluorescent protein (sasplit-FP) technology appears 9
(GFP11x7; separated via a 5 amino acid linker) was used, as such multiple GFP11 tags had 23 been reported to intensify the fluorescence signals in mammalian cells (Kamiyama et al., 24 2016). When these constructs were co-expressed with the FNR1-55/GFP1-10 and mtRi1-25 100/GFP1-10 gene constructs, fluorescence signals were exclusively obtained in those 26 instances in which the same transport signal was present in both chimeras, i.e. in plastids after 27 co-expression of FNR1-55/GFP1-10 and FNR1-55/GFP11x7 and in mitochondria after co-28 expression of mtRi1-100/GFP1-10 and mtRi1-100/GFP11x7 (Figure 2 ). When infiltrated alone, 29 neither of theses constructs generated any detectable fluorescence signal (Suppl. Figure 1) .
30
This demonstrates the suitability and specificity of the sasplit-GFP system for the analysis of 31 protein targeting.
33
Next, we wanted to evaluate the performance of this system by determining the protein 34 targeting behavior of several dually targeted proteins. For this purpose, we have selected three 35 previously characterized nuclear-encoded organelle proteins from Arabidopsis thaliana with At3g02660), GrpE (co-chaperone GrpE1; At5g55200), and PDF (peptide deformylase 1B; In the initial experiments described above, we have used GFP11x7, the seven-fold repeat of 19 the GFP11 tag. However, the requirement or benefits of such multiple GFP11 tags to enhance 20 fluorescence signals in mitochondria and plastids of plant cells were not systematically 21 assessed. Hence, we have compared the fluorescence signal intensity obtained in the two 22 organelles with either seven (GFP11x7), three (GFP11x3) or a single repeat (GFP11x1) of the 23 GFP11 tag when fused to the dually targeted TyrRS1-91 peptide as protein transport signal. It 24 turned out that the use of a single GFP11 tag yields only very faint signals in plastids while 25 the GFP11x3 and GFP11x7 tags significantly enhance the fluorescence signals ( Figure 4a ) 26 supporting the assumption that multiple GFP11 repeats can boost fluorescence signal intensity 27 in this organelle. In contrast, for mitochondria no such correlation of number of GFP11 tag 28 repeats and fluorescence signal intensity was found. Instead, the signal intensities were 29 largely similar for all three constructs ( Figure 4b ). However, since the fluorescence signals 30 obtained with the single GFP11 tag in mitochondria were brighter than in plastids, they are 31 usually sufficient for proper visualization of organelle. To facilitate easy combination of the sasplit-GFP technology and fluorescence signal 36 enhancement for high-throughput screening of protein targeting specificity, we have developed a set of Golden Gate-based vectors. Destined to analyze the targeting specificity of 1 candidate proteins to plastids and mitochondria, these vectors facilitate easy cloning of the 2 candidate proteins upstream of single or multiple GFP11 tags. In this PlaMiNGo toolkit, we 8 Hecker et al., 2015) comprising two gene expression cassettes. This has the advantage that 9 each transformed cell expresses both chimeras simultaneously. Consequently, the final 10 vectors contain expression cassettes, one for GFP1-10 gene chimeras to be targeted to either 11 plastid or mitochondria by fusion with either mtRi1-100 or FNR1-55 and another for one, three or 12 seven times repeat of GFP11 tags. The latter expression cassette furthermore carries a ccdB 13 cassette upstream of the GFP11 tag, which is replaced by the candidate gene in a single
14
Golden Gate reaction step allowing for background-free selection of positive clones. As a 15 result, six vectors, three destined to analyze potential plastid targeting and three for 16 mitochondria targeting analysis, were generated ( Figure 5a and Suppl. Figure 3 ).
17
To evaluate the functionality of these vectors, the dual targeting transport signal of TyrRS (N Figure 2 ). Now, even in plastids a single copy of the GFP11 tag was sufficient for reliable detection of the reconstituted GFP fluorescence, although 23 considerable signal enhancement could still be observed with GFP11x3 and GFP11x7 tags.
24
This suggests that the GFP11x7 tag, when co-expressed with the plastid targeted GFP1-10 25 receptor, should allow for detection even of minute amounts of plastid-localized proteins.
26
Likewise, upon imaging of mitochondria the fluorescence signals obtained with the single 27 GFP11 tag were more than 3-fold stronger than the signals obtained in the previous 28 experiments using separate vectors. Still, as observed earlier, no further improvement of 29 signal intensities by multimerization of the GFP11 tag could be obtained in mitochondria 30 (Suppl. Figure 2b ). Instead, artificial protein aggregates were observed in some cells 31 expressing constructs with multiple GFP11 tags (GFP11x3 and GFP11x7). However, the overall 32 mitochondrial morphology, fusion and fission remained unaffected (Suppl. Video 1). yellow shifted variant (YFP1-10) using a single amino acid substitution (T203Y) as reported 1 earlier (Kamiyama et al., 2016). To test if this variant can assemble with GFP11 to generate a 2 functional fluorophore inside the organelles, the plastid (FNR1-55) or mitochondria (mtRi1-100) 3 transport signals were separately fused to the N-terminus of YFP1-10. These fusions were co-4 infiltrated with a gene construct encoding the dual targeting transport signal TyrRS1-91 fused 5 to either GFP11x1 or GFP11x7. When imaged with an YFP-specific filter-set, fluorescence 6 signals were solely obtained in mitochondria (with mtRi1-100/YFP1-10 and TyrRS1-7 91/GFP11x1) or in plastids (with FNR1-55/YFP1-10 and TyrRS1-91/GFP11x7), demonstrating that 8 the YFP1-10 fragment can indeed assemble with GFP11 in both organelles (Figure 6a Next, we have tested if multicolor imaging, i.e. the simultaneous labeling of plastids and 10 mitochondria with YFP1-10 and GFP1-10, respectively, within the same cell is possible. For 11 this purpose, the FNR1-55/YFP1-10 fusion was co-infiltrated with a vector comprising mtRi1fluorescence signals of different spectra in the two organelles due to reassembly of the GFP11 tag with both, the GFP1-10 and YFP1-10 receptors within mitochondria and plastids, 18 respectively ( Figure 6c ). However, in all transformed cells a certain degree of "bleed through" 19 of signals, i.e., the appearance of YFP fluorescence signals in GFP channel and vice versa, 20 could be detected. The adjustment of the filter-sets to avoid such "bleed through" inevitably 21 led to significant reduction of the fluorescence signal intensity. In summary, the YFP1-10 derivative of sasplit-GFP system is not yet perfect for multicolor imaging but represents a 23 promising basis for development of such tools.
25

Analysis of protein targeting specificity with PlaMiNGo
27
Finally, we have examined the suitability of the PlaMiNGo toolkit using eight candidates with 28 presumed targeting specificity either to plastids, mitochondria, or to both organelles (Table 1) .
29
Three of these proteins, namely Gtred (Monothiol glutaredoxin-S15), GCS (Glycine cleavage 
4
Five of the eight candidates showed in our assay system the same targeting behavior as 5 reported in the literature (Table 1) Figure 1 -Schematic drawing illustrating the principle of the sasplit-GFP system. (a) Two non-fluorescing fragments, GFP1-10 and GFP11, can self-assemble to generate a fluorescing GFP molecule. (b) Transport of both GFP chimeras into the same organelle is essential to achieve fluorescence signals.
Figures-
Figure 2-
Establishment of the sasplit-GFP system for in vivo organelle imaging. The coding sequences of (a) FNR1-55/GFP1-10 and FNR1-55/GFP11x7 (b) mtRi1-100/GFP1-10 and mtRi1-100/GFP11x7 were transiently co-expressed after Agrobacterium co-infiltration into the lower epidermis of Nicotiana benthamiana leaves and analyzed by confocal laser scanning microscopy (CLSM). Image acquisition of transformed cells was done with 20-x objective in several Z-stacks, which were subsequently stacked for maximum intensity projection. Representative cells (left panels) are presented as overlay images of the chlorophyll channel (displayed in red) and the GFP channel (displayed in green). The strong chlorophyll signals in the background are derived from the larger chloroplasts of untransformed mesophyll cells underneath the epidermal cell layers. The squares highlight areas of the transformed cells that are shown in higher magnification separately for the chlorophyll channel (middle panels) and the GFP channel (right panel) as indicated. Scale bars correspond to 20 μm. 
